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Potassium deficiency acidosis in the dog: Effect of sodium and
potassium balance on renal response to a chronic acid load
CHARLES VAN YPERSELE DE STRIHOU and JEAN-PAUL DIEu
Renal Laboratory, Department of Medicine, Cliniques Liniversitaires St. Pierre, Louvain, Belgium
Potassium deficiency acidosis in the dog: Effect of sodium and
potassium balance on renal response to a chronic acid load. Balance
studies were carried out in 24 dogs in order to evaluate the effect of
sodium and potassium depletion on the kidney's adaptation to a
chronic acid load. In a first set of experiments, 12 dogs, adapted to
an electrolyte-free diet supplemented with acid (either ammonium
chloride, 1.7 mmoles, or calcium chloride, 1.25 mmoles/kg of body
wt per day), were given repeated injections of furosemide, The
resulting sodium and potassium deficit was associated with a sus-
tained 2 mEq/liter fall in plasma bicarbonate, whereas urine pH
remained at control levels. In order to dissociate the respective
roles of sodium and potassium depletion in the maintenance of this
increased metabolic acidosis, six dogs were given sodium chloride
and the six others, potassium chloride. Correction of the sodium
deficit failed to modify acid-base equilibrium. By contrast, repair
of the potassium deficit resulted in a prompt 4.8 mEq/liter increase
in plasma bicarbonate, a sustained fall in urine pH, and a transient
rise in urine ammonia. Similar results were obtained when the six
dogs, previously given sodium chloride, received a potassium chlo-
ride supplement. In a second set of experiments, 12 dogs in which
potassium deficiency had been induced by a cation exchange resin
were given an electrolyte-free diet supplemented with sodium chlo-
ride. Administration of a low (ammonium chloride, 1.7 mmoles/kg
of body wt per day) or a high (ammonium chloride, 7 mmoles/kg
of body wt per day) acid load resulted, respectively, in a 2 and 7
mEq/liter fall in plasma bicarbonate. Repair of the potassium
deficit produced a sustained fall in urine pH, a rise in urine am-
monia, and a 4.5 and 3 mEq/liter rise in plasma bicarbonate,
respectively. Urinary aldosterone excretion, measured prior to and
during repair of the potassium deficit, remained stable. From these
data we conclude that a) a moderate sodium deficit does not alter
the steady state response to a chronic acid load, b) potassium
depletion impairs the adaptation and the steady state renal re-
sponse to a chronic acid intake, c) this disorder does not result
from an inadequate delivery of sodium to distal exchange sites but
from an apparent inability to lower urine pH, d) it is unlikely that
changes in aldosterone secretion mediate this effect. It is suggested
that potassium deficiency does not only enhance ammoniogenesis
but also impairs the pH gradient achieved across the tubular cells.
Our data indicate that the latter effect is predominant in the
determination of the steady state response to a chronic acid load.
Acidose kaliopenique chez le chien: Effet du bilan potassique et
sodé sur l'adaptation du rein a une surcharge acide chronique. Des
bilans ont été pratiqués chez 24 chiens pour évaluer l'infiuence du
deficit en sodium et en potassium sur l'adaptation du rein a une
surcharge acide chronique. Dans une premiere série d'études, 12
chiens, ingérant une alimentation dépourvue d'électrolyte, enrichie
en acide (soit NH4CI, 1.7 mmoles, soit CaCI2, 1.25 mmoles/kg
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poids/jour) reçoivent quatre injections successives de furosemide.
Les deficits potassique et sodé qui en résultent réduisent de 2
mEq/litre le taux de bicarbonate plasmatique sans que Ic pH urinaire
soit modiflé. Pour analyser le role joué respectivement par les déplé-
tions sodée et potassique dans le maintien de cette acidose aggra-
vée, six chiens recoivent du NaCI et six autres du KCI. La correc-
tion du deficit sodé ne modifie pas l'équilibre acidobasique. Au
contraire, Ia reparation de Ia déplétion potassique élève de 4.8
mEq/litre le taux plasmatique de bicarbonate, réduit le pH un-
naire et augmente transitoirement l'ammoniurie. Des résultats sim-
ilaires sont obtenus quand on rend du KCI aux chiens dont le
deficit sodé a été préalablement corrigé. Dans une seconde sénie
d'expériences, 12 chiens déplétes en potassium par I'ingestion d'un
régime dépourvu d'electrolytes et de résines echangeuses d'ions
recoivent un supplement de NaCI. L'absorption d'une surcharge
acide modérée (NH4CI, 1.7 mmoles/kg poids/jour) ou élevée
(NH4CI, 7 mmoles/kg poids/jour) réduit de 2 et de 7 mEq/liter
respectivement Ic taux plasmatique de bicarbonate. La correction
du deficit potassique produit une chute du pH urinaire, une hausse
transitoire de l'ammoniurie et un accroissement de 4.5 et de 3
mEq/litre respectivement du taux plasmatique de bicarbonate.
L'aldosteronurie mesurée avant et pendant Ia reparation du deficit
potassique reste stable. De ces données nous concluons que a) un
deficit sodé modéré ne modifie pas Ia réponse rénale a une sur-
charge acide prolongee b) Ia depletion potassique entrave
l'adaptation du rein et La réponse long terme a un apport acide
chronique, (c) cc désordre ne provient pas d'un debit insuffisant de
sodium au niveau des sites tubulaires distaux d'acidification mais
reflète l'incapacite du tubule distal a réduire Ic pH urinaire, d) ii est
peu vraisemblable que des modifications de La sécrétion
d'aldostérone en soient responsables. La kaliopénie semble pro-
voquer non seulement une ammoniogenèse accrue mais aussi une
reduction du gradient transtubulaire d'ions Ht Nos résultats sug-
gèrent que cc dernier élément prédomine pour determiner
l'équilibre acidobasique atteint au cours de surcharges acides chro-
niques.
Sodium and potassium depletion modify signifi-
cantly man's renal response to a two or three day acid
load [1]. Potassium deficiency impairs mainly the
ability of the kidney to lower urine pH, whereas
ammonia excretion decreases only slightly. On the
other hand, sodium depletion reduces ammonia ex-
cretion without alteration of urine pH. In these stud-
ies, however, dietary intake was not constant so that
changes in acid excretion are difficult to interpret.
More recently, Tannen [2] challenged the concept
that potassium deficiency impaired renal ability to
excrete an acid load. This author demonstrated that
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under carefully controlled experimental conditions,
an ammonium chloride load elicited a larger urine
pH fall prior to than after potassium depletion. Nev-
ertheless, the increment in net acid excretion was
larger in the potassium deficient state, mainly as a
result of augmented ammonia excretion. Tannen con-
cluded that the less acid urine pH observed in potas-
sium deficiency was not due to a defective ability of
the tubular cell to achieve a pH gradient but was the
consequence of an increased ammonia diffusion in
the urine, resulting, presumably, from an augmented
renal ammonia production [3—5].
Recent evidence [6], published while this study was
in progress, demonstrated that in the absence of a
chronic acid load, removal of potassium from the diet
of dogs resulted in a sustained rise in urine pH ac-
companied by a transient fall in ammonia excretion.
These changes proved fully reversible upon resump-
tion of the potassium intake. The possibility therefore
existed that the control conditions in Tannen's ex-
periments [2] were not the same prior and after potas-
sium depletion. Furthermore, Tannen's study [2]
concerned only the kidney's immediate response to a
single ammonium chloride load, so that the emphasis
was placed on the analysis of short term changes in
urine acid-base composition without reference to the
resulting degree of induced metabolic acidosis. No
information is available on the effect of potassium
depletion on the kidney's adaptation to a chronic
acid load and on the resulting plasma acid-base equi-
librium. Our study was undertaken to evaluate the
effect of sodium and potassium depletion on acid-
base balance of dogs exposed to a chronic constant
acid load. The results demonstrate that potassium
deficiency significantly impairs the renal response to
acid feeding.
Methods
Balance studies were performed on 24, female,
mongrel dogs weighing between 9.9 and 18.7 kg.
Throughout the experiments all animals received
daily 50 ml of water and 30 g/kg of body wt of a
synthetic electrolyte-free diet. Its composition was
previously described in detail [7]. Intrinsic electrolyte
content of the diet was approximately 1 mEq of so-
dium and less than 1 mEq of potassium and chloride
per 100 g. Supplementary electrolytes were added
according to the various steps of the protocol.
Influence of sodium and potassium stores on renal
response to a chronic acid load was evaluated accord-
ing to two protocols:
A) Effect offurosemide-induced sodium and potassium
depletion. Twelve animals received a daily acid load
either as ammonium chloride, 1.7 mmoles per kg of
body wt in seven dogs, or as calcium chloride, 1.25
mmoles per kg of body wt, in another five dogs. After
6 to 19 days of acid loading, a steady state was
reached (control period) and the study was divided
into three experimental periods.
Period I (furosemide): the 12 animals were sodium
and potassium-depleted by daily i.v. injection, on
four successive days, of 20 mg of furosemide.
Period II (post-furosemide): observations were con-
tinued for 5 to 19 days until a new steady state was
reached.
Period III: the electrolyte deficit induced by furose-
mide was corrected according to two protocols:
I.) Potassium group: six dogs (four on ammo-
nium chloride and two on calcium chloride) re-
ceived a daily supplement of 1.25 mmoles of potas-
sium chloride per kg of body wt (period lila).
After 9 to 12 days, when a steady state was
reached, four of the dogs received a further daily
supplement of 1.25 mmoles of sodium chloride per
kg of body wt during 7 to 13 days (period 11Th).
2.) Sodium group: six dogs (three on ammonium
chloride and three on calcium chloride received a
daily supplement of 1.25 mmoles of sodium chlo-
ride per kg of body wt (period lila). After 6 to 16
days, when a steady state was reached, they re-
ceived a further daily supplement of 1.25 mmoles
of potassium chloride per kg of body wt during 10
to 14 days (period IlIb).
B.) Effect of kayexalate-induced potassium depletion.
Another 12 dogs were potassium-depleted by admin-
istration of a cation exchange resin, kayexalate, dur-
ing 9 to 21 days. The resin was then interrupted and
the animals were given 2.5 mmoles of sodium chlo-
ride per kg of body wt per day. Observations were
started when a steady state was reached (control pe-
riod). The animals were then divided into two groups
according to daily acid intake: 1.7 mmoles of ammo-
nium chloride per kg of body wt in the low acid group
(six dogs) and 7 mmoles of ammonium chloride per
kg of body wt in the high acid group (six dogs). In
each group, the study was subdivided in two experi-
mental periods.
Pe1iod I (acid-loading): the animals received their
daily acid load for 7 to 17 days, until a new steady
state was achieved.
Period II (administration of potassium chloride): a
supplement of 2.5 mmoles of potassium chloride
per kg of body wt per day was added to the diet for
7 to 16 days.
The urine drained into bottles, containing mineral
oil and thymol, over a siliconized metal surface.
Feces were collected and pooled for each period.
Blood samples of approximately 20 ml were drawn
from the femoral artery.
Blood and urine pH were determined with a cap-
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illary electrode (Metrohm) and potentiometer.
Plasma and urine bicarbonate were measured either
by the manometric method of Van Slyke and Neill [8]
or with the autoanalyzer (Technicon®). All determina-
tions were performed in duplicate, a maximum differ-
ence of 0.5 mEq/liter being allowed between the two
measurements. The method of Dieu [9] was used for
the measurement of urinary ammonia. Chloride was
determined by the method of Cotlove, Trantham,
and Bowman [10]. The following determinations
were performed with the auto-analyzer (Techni-
con®): plasma and urine creatinine, sodium, potas-
sium, urine phosphate and nitrogen. Organic acids
were measured by the method of Van Slyke and
Palmer [11]. Urinary aldosterone was determined ac-
cording to the following radioimmunological
method. Hydrolysis and extraction were performed
as described by, Bayard et al [12]. About 5,000 dpm
disintegrations per mm of 1,2,6,7 3H-aldosterone
were added as internal standard. Extracts were puri-
fied by means of LH 20 column chromatography
using cyclohexane:benzene:methanol (60:40: 10 by
volume). Details of column chromatography for ra-
dioimmunoassay have been published previously [13,
14]. Recoveries were estimated in 50% of the eluate.
Aliquots of 0.1 and 1% were submitted to the radio-
immunoassay. Aldosterone antiserum raised in sheep
against aldosterone dihemisuccinate-albumin con-
jugate was used. The antiserum is a pool of bleedings
25 and 30 of sheep 088 [15]. It was diluted
1:80,000 in phosphate buffer, 0.1M, pH 7, containing
0.1% gelatine (w:v). The free and bound steroid
moieties were separated with dextran-coated charcoal
(250mg of Dextran 80 and 2.5 mg of Norit A in 100
ml of the same phosphate buffer used for diluting the
antiserum) by continuous shaking for five minutes in
a shaker (Eppendorf, n° 3300) and subsequent spin-
ning down for four minutes in a microcentrifuge (Ep-
pendorf, n° 3200).
Sensitivity of the method allowed the determina-
tion of 10 pg. The coefficient of variation within assay
was better than 5% over the whole range. The coeffi-
cient of variation between assays, using human urine
with a very low aldosterone content, was 12.5%
(mean l.82g/24 hr, SD = 0.22, N = 7). Normal
urinary values for humans ranged from 12 to 18
tg/24 hr.
Titratable acid was taken as the sum of the mea-
sured contribution of organic acids and the calcu-
lated contribution of phosphate, assuming a pK'a of
6.8. Net acid excretion was taken as the sum of titra-
table acid and ammonia minus bicarbonate. Daily
balance was calculated as net intake minus the com-
bined loss in urine, feces, and blood. Each milliliter of
blood was considered to contain 3 mEq of sodium
and 2 mEq of chloride. Potassium balance was cor-
rected for nitrogen balance (KCN) assuming that re-
tention or loss of 1 g of nitrogen entailed the in-
corporation or liberation of 2.7 mEq of potassium.
Changes in the calculated chloride space were taken
as being equivalent to changes in extracellular fluid
(ECF) volume [16].
Paired t test was used to evaluate the significance of
differences between the results. Only differences with
a P < 0.05 are described.
Results
Prior to any experimental manipulations, arterial
blood acid-base parameters (± SEM) averaged, for the
furosemide and the kayexalate studies, respectively,
39 0.9 and 37 + 0.9 nmoles/liter for hydrogen, 32
0.7 and 34 1.3 mm Hg for carbon dioxide
pressure, and 20.0 + 0.6 and 22.9 + l.lmEq/liter for
plasma bicarbonate.
A. Furose,nide-induced sodium and potassium depletion
Examples of individual studies are shown in Fig-
ures 1 and 2, whereas collective data are presented in
Tables I and 2 and in Figures 3 and 4. At the end of
the control period, results were virtually identical in
animals given ammonium chloride or calcium chlo-
ride. Mean plasma electrolyte concentrations, serum
creatinine, arterial blood pH, and carbon dioxide
pressure are given in Table 1. Data on urine pH and
urinary acid excretion are presented in Table 2. Cu-
mulative balances at the end of the control period
averaged + I mEq for sodium, —11 mEq for potas-
sium, and +23 mEq for chloride. Body wt averaged
12.6 kg.
Period I (furosemide). Since no difference could be
detected between ammonium chloride- and calcium
chloride-fed animals, results are given for the group
as a whole. After four days of furosemide injection,
plasma bicarbonate fell significantly by an average of
3.3 mEq/Iiter, whereas plasma chloride and sodium
concentration decreased by 10 mEq/liter. Plasma po-
tassium level remained unchanged (Table 1). Net acid
excretion was reduced by 20 mEq due to decreased
ammonia excretion, without concomitant changes in
urine pH, carbon dioxide pressure, or bicarbonate
level. The decrement in net acid excretion was suf-
ficient to fully account for the bicarbonate fall in a
volume equal to total body water (Table 2). As a
result of increased urinary loss, sodium, chloride, and
potassium balance became negative. Calculated fall
in ECF volume was 0.4 liter, coinciding with the ob-
served decrease in body wt of 0.2 kg (Table 2).
1.) Potassium group:
a) Administration of potassium chloride. Plasma bi-
carbonate concentration rose by 4.8 mEq/Iiter during
the first five days of potassium chloride feeding and
stabilized subsequently (Figs. 1 and 3). Plasma potas-
sium increased from 3.7 to 4.3 mEq/liter. Plasma
sodium and chloride concentrations did not show sig-
nificant changes (Table 1). During the first five days,
net acid excretion rose by 45 mEq above levels observed
during the last five days of the previous period. This
amount was more than sufficient to fully account for
the simultaneous rise in bicarbonate distributed
through a volume equal to total body water. Net acid
excretion returned subsequently to the level observed
during the preceeding period (Table 2). The in-
crement in net acid excretion resulted mainly from an
augmented ammonia excretion which returned to
control level within five days. Mean urine pH fell
from 6.36 during the last five days of the previous
Period II (post-furosemide). After interruption of
furosemide, plasma bicarbonate rose slightly but re-
mained significantly below control levels (Figs. 1 and
2). Plasma sodium, chloride, and potassium levels
rose slightly (Table 1). Despite the fact that plasma
bicarbonate was below control value, neither net acid
excretion nor urine pH were significantly different
from control values (Table 2). Chloride and sodium
balances were slightly positive. There was a small loss
of potassium. Calculated ECF volume expanded by
0,2 liter, whereas mean body wt fell by 0.2 kg (Table 2).
Period III. Observations made at the end of period
II are presented separately in Table 1 and 2 for ani-
mals of the potassium and sodium groups in order to
facilitate comparison with period III.
Time, days
Fig. 2. Effect offurosemide-induced sodium and potassium depletion
on electrolyte and acid-base equilibrium in a representative dog
ingesting 1.7 mmoles of ammonium chloride per kg of body wt. Note
that furosemide injection produced a sustained fall in plasma bi-
carbonate without decrease in urine pH. Correction of sodium
depletion failed to alter acid-base equilibrium, whereas the sub-
sequent repair of potassium deficit resulted in the correction of
acidosis and in a fall of urine pH.
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Time, days
Fig. 1. Effect offurosemide-induced sodium and potassium depletion
on electrolyte and acid-base equilibrium in a representative dog
ingesting 1.7 mmoles of ammonium chloride per kg of body wt. Note
that furosemide injection produced a sustained fall in plasma bi-
carbonate concentration without fall of urine pH. Repair of the
potassium deficit resulted in the correction of acidosis and in a fall
of urine pH despite persistance of the sodium deficit. Subsequent
correction of sodium depletion failed to alter acid-base equilib-
rium.
o in
DogH
Plasma
I HCO -
iziEg iiior
20
41)
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Table 1. Blood electrolyte and acid-base data during furosemide-induced cation depletion and subsequent sodium
and potassium repletion (mean values are given as SEM).
No.
of dogs
HH'
nnioles/liter pH
P0,
mmHg
HCO
rnEq/liter
C1
mEq/liter
Na
mEq/liter
K
mEq/liter
Creatinine
mg/IOOmI
Control period 12 44
+0.9
7.36 33
+0.8
18.3 Ill
+0.6
146 3.2 0.8
Period I: furosemide 12 480
+0.8
7.32 300
+0.8
15.00 1010
+1.2
1360
+1.0
3.1 0.8
Period II: postfurosemide 12 45 7.34 31 l6.6 1050,10 l40 370.b 0.7
K group
Period II: postfurosemide 6 46
+1.5
7.34 300 15.60
+0.9
104 1390 37 Q7
Period Ill: 6 390.c 7.41 33 20,4a,b 1010 1390 430.C 0.8
a)KCI +0,9 +0.9 +2.2 +1.0
6) KCI + NaCl 4 41 7.39 35 20.8a 1100 1460
+1.5
3410 0.7
+0.1
Na group
Period II: postfurosemide 6 45 7.35 32 17.4 107 1410 3.7 0.7
+0.1
Period Ill 6 41 7.39 32 18.5 114 148" 3.2 0.8
a)NaCI +1.1
b) NaCI + KCI 6 39d
+1.3
7.41 35 2l.4a,i I lob 0.8
EndPeriodlllbfor 10 40 7.40 35 21.20 110 148 3.6a 0.8
both Na and K groups 1.0 + 1.2 +0.5 +0.8
0 The value is significantly different (p< 0.01) from that of the control period.
The value is significantly different (p< 0.01) from that of the previous period.
The value is significantly different (P < 0.05) from that of the previous period.
The value is significantly different (P < 0.05) from that of the control period.
period to 6.18 during the first five days of potassium-
loading. However, in contrast with urinary ammonia
excretion whose rise was shortlived, urine pH re-
mained low throughout the period (Table 2). Sodium
and chloride balances were unchanged. Calculated
ECF volume and body wt did not change signifi-
cantly. Potassium was retained (Table 2).
b) Addition of sodium chloride. Supplementing the
potassium chloride intake with an equivalent amount
of sodium chloride resulted in no significant change
in plasma bicarbonate (Figs. 1 and 3), but plasma
chloride and sodium rose by 9 and 7 mEq/liter,
respectively, whereas plasma potassium dropped by
0.9 mEq/liter (Table 1). Net acid excretion and urine
pH did not depart significantly from the level noted
during the last five days of potassium chloride feed-
ing (Table 2). Chloride and sodium balances were
positive, whereas potassium balance was stable. Cal-
culated ECF volume expanded by 0.6 liter. Mean
body wt rose by 0.5 kg (Table 2).
2. Sodium group:
a) Administration of sodium chloride. Provision of
sodium chloride failed to modify significantly plasma
bicarbonate concentration (Figs. 2 and 4). Plasma
sodium level rose by 7 mEq/liter, whereas plasma
potassium and chloride did not change significantly
(Table I). Net acid excretion and urine Ph were not
different from the five last days of the previous period.
Both sodium and chloride were retained, whereas
potassium was lost. Calculated ECF volume ex-
panded by 0.6 liter and mean body wt augmented by
0.5 kg (Table 2).
b) Addition of potassium chloride. Supplementing
the sodium chloride intake with an equivalent
amount of potassium chloride resulted in a 2.9
mEq/liter rise in plasma bicarbonate and in a 4
mEq/liter fall in plasma chloride. These changes oc-
curred within the five first days of potassium chloride
feeding (Figs. 2 and 3). Plasma sodium remained un-
changed but plasma potassium rose by 0.6 mEq/liter
(Table I). During the first five days, changes in net
acid excretion were similar to those observed in the
potassium group: ammonia and net acid excretion
rose, whereas urine pH fell. Subsequently, urine pH
remained low but ammonia and net acid excretion
tended to decrease without reaching, however, the
levels noted prior to potassium-loading (Table 2).
Neither sodium nor chloride balances were signifi-
cantly modified, but potassium balance was positive.
Calculated ECF volume and body wt did not change
significantly (Table 2).
Miscellaneous. Plasma electrolyte values reached at
the end of period IlIb were virtually identical in the
sodium and potassium group. Blood pH, plasma bi-
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carbonate, and potassium levels were significantly
higher than at the end of the control period, the
difference for plasma bicarbonate averaging 3
mEq/Iiter. Four dogs were observed during an addi-
tional five days after suppressing the sodium chloride
and potassium chloride supplements. Their plasma
bicarbonate fell by 2.2 mEq/liter and serum potas-
sium by 0.3 mEq/liter. The plasma values were vir-
tually identical to those observed prior to furosemide
administration. Mean urine pH rose from 6.21 to
6.51, whereas ammonia and, as a result, net acid
excretion fell below levels noted at the end of the
preceeding period. The cumulative fall in net acid
excretion averaged 36 mEq. Throughout the experi-
ments serum creatinine remained stable (Table 1).
B. Kayexalate-induced potassium depletion
Figure 5 shows individual data, whereas Tables 3
through 6 give collective data. Mean plasma elec-
trolyte concentrations, serum creatinine, blood pH,
and carbon dioxide pressure observed at the end of
the control period are given in Tables 3 and 5. Mean
urine pH and urinary acid excretion during the last
five days of the control period are presented in Tables
4 and 6. Cumulative balances calculated during in-
duction of potassium deficit and subsequent adminis-
tration of sodium chloride averaged +232 mEq for
sodium, —68 mEq for potassium, and +76 mEq for
chloride. Body wt averaged 15.7 kg.
a) Low acid group:
Period I (acid-loading). Plasma bicarbonate fell by
2.2 mEq/liter to a mean level of 16.7 mEq/liter,
whereas plasma sodium, potassium, and chloride con-
centrations remained stable. Urine acid-base parame-
ters reached during the last five days of the period are
given in Table 4. Sodium balance was not sig-
nificantly modified, but an average of 75 mEq of
chloride was retained. Calculated ECF volume was
unchanged. An average of 17 mEq of potassium was
lost (Table 4).
Period Ii (administration of potassium chloride).
Plasma bicarbonate concentration rose progressively
by an average of 4.5 mEq/liter over a period of five
days and stabilized subsequently (Fig. 5). Plasma
potassium concentration rose by 1 mEq/liter, whereas
plasma sodium and chloride levels remained stable.
During the first five days of potassium supplement,
mean urine pH fell to 6.16, a value significantly lower
than that noted at the end of period I. Simultaneously,
net acid excretion rose, the cumulative increment
averaging 70 mEq, a quantity more than sufficient to
account for the simultaneous rise in plasma bicar-
bonate through total body water (Table 4). As illus-
5
4
2
0
C-)I
1 0
—1
—2
Fig. 4. Changes in plasma bicarbonate concentration induced by
repair of sodium depletion prior to (0) or after (•) correction of the
potassium deficit. Solid lines refer to the mean response for each
group of animals. Changes were not significant (P > 0.3).
Fig. 3. Changes in plasma bicarbonate concentration induced by
correction of the potassium deficit prior to (0) or after () repair of
sodium depletion. Solid lines refer to the mean response for each
group of animals. (Changes were significant at the 1% level.)
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noted at the end of period I. Sodium and chloride
balances were not significantly modified, whereas po-
tassium balance was positive. Neither ECF volume
nor body wt changed significantly (Table 4).
b) High acid group.'
Period I (acid-loading). Plasma bicarbonate fell by 7
mEq/liter to a mean level of 12.3 mEq/liter, whereas
plasma chloride rose by 7 mEq/liter. Plasma sodium
and potassium remained stable (Table 5). Urine acid-
base parameters reached during the last five days of
the period are detailed in Table 6. External balance
was unchanged for sodium, positive for chloride, and
negative for potassium. Calculated ECF expanded by
one liter (Table 6).
Period 11 (administration of potassium chloride).
Plasma bicarbonate increased by an average of 3
mEq/liter during the first five days and stabilized
thereafter. Serum potassium level rose by 0.7
mEq/liter, plasma sodium remained stable, but
plasma chloride fell by 6 mEq/liter. Urine pH de-
creased from an average of 6.10 during the last five
days of the previous period to 6.06 during the first
five days of potassium chloride administration. This
difference is not significant. Concurrently, net acid
excretion increased, the cumulative increment aver-
aging 64 mEq over the first five days, a quantity
sufficient to account for the simultaneous rise in
plasma bicarbonate through total body water (Table
6). Urine ammonia accounted for the augmented net
acid output. Sodium balance was not modified but
chloride and potassium were retained. ECF volume
expanded by one liter without changes in body wt.
Miscellaneous. Throughout the experiments serum
creatinine remained stable (Tables 3 and 5).
Aldosterone excretion. Urinary excretion of al-
dosterone was determined in the low acid group dur-
ing the last five days of the acid period and during the
first five days of potassium chloride-loading. Mean
values of the five last days ranged from 316 to 1258
Table 3. Effect ofpotassium-depletion acidosis an
(1.7 mmoles of ammonium
d potassium repletion on blood electrolytes and acid-base data of dogs given a
chloride/kg of body wt per day) (mean values are given as SEM)
low acid load
No. H
of dogs nmoles/liter
Pco2 l-1C03 C1 Na
pH mm Hg mEq/liter mEq/liler mEq/liter
K
mEq/liter
Creatinine
mg/lOOm!
Control period
Period I
acid
Period II
acid + KCI
6 41
6 43
6 38
+0.6
7.39 32.0 18.9 Ill 146
+1.3 +1.8
7.37 29.5 16.7a 114 146
+1.5 +1.3
7.42 33,4e 212C,d 109 l45
+0.9 +2.0 +0.7
2.8
+0.1
2.8
+0.1
3.8'
0.9
0.9
+0.1
0.8
+0.1
2 4 6 8 10 12 14 16
Time, days
Fig. 5. Effect of correction of kayexalate-induced potassium deficit
on acid-base equilibrium in a representative dog ingesting 1. 7 mmoles
of amenonium chloride per kg of body wt. Note that provision of
potassium chloride resulted in a rapid plasma bicarbonate rise and
a fall in urine pH associated with an increased ammonia excretion.
trated in Figure 5, the augmented output resulted
mainly from an increased ammonia excretion. After the
first five days, net acid excretion returned to control
values, but urine pH remained significantly below values
'This value is significantly different (P < 0.05) from that of the control period.
5This value is significantly different (P < 0.05) from that of the previous period.
cThis value is significantly different (P< 0.0l) from that of the previous period.
eThiC value is significantly different (P < 0.0l) from that of the control period.
Renal acidosis: Sodium and potassium balance 343
C. CC V o
C
. VVL E.z
In
—InC' C
(C
z
:90 —
In
_9_ C
(CF- In
V
>
C
L)
LL. .1L) ;
C
C
V
1< C'LL
b.c
o
.9
o >
'C
o bb
0
•0
0
C0
V
0
V
CIc0>
0 'C
IcI
..0
V0
V:
0C
.2>
CV
EC.
CC
'C
VC>
'V
-C
-0
C-—
.9
C.I)
.00
II
C.V
- 0
C
0C.
0
0
LL
2_.. 2.nr-
-:--:
0oO
r r
-H In-H
ro
rI In0
In—.
-. "( o In In+ -H
In(0+
r— oo
—c ,i:c+ + +
—
-H
C -
++
cc
-Ic'n C r(cc++ ++
(QIn c—
-I++ ++
(C(O ncbO c.IcI-H ++
-I In
— C'—I-H ++
C'(C b.C-I
——++ ++
In(' qN(C
++ +
—r- —(C-s
—-H -H —-H
Inc.! —r-
'C-
-H —+
C-I-- C-
-H
.!.!
'0 '0 SC
'C
.9 0
a
—
2 -o:9 --
.9 .90
L) o.
ng/day (mean, 805 ng). During the first five days of
potassium chloride-loading, mean values ranged
from 430 to 1685 ng/day (mean, 920 ng). This change
was not significant (t = 1.13 on a paired t test, P >
0.3). This stability of aldosterone excretion is to be
compared with the changes induced by volume deple-
tion in three dogs (mean body wt, 13.0 kg) eating a
sodium and potassium rich diet and given a single
oral dose of 40 mg of furosemide. Mean aldosterone
excretion rose from 1071 ng/day (range, 776 to 1320)
during the last three days prior to the diuretic to 2012
ng/day (range, 1750 to 2149) during the day after
furosemide administration (P < 0.005).
Discussion
The present data demonstrate that the steady state
plasma bicarbonate concentration in dogs depends
not only on the magnitude of acid intake but also on
the state of cationic stores. In the furosemide studies,
the plasma bicarbonate concentration achieved with
a stable acid intake is 3 mEq/liter lower when dogs
are maintained on an electrolyte-free diet than when
they are given sodium and potassium. Furthermore,
when the dogs on the electrolyte-free diet undergo
further furosemide-induced sodium and potassium
depletion, an additional 2 mEq/liter fall in plasma
bicarbonate is observed.
The mechanism whereby electrolyte depletion al-
ters the kidney's response to a chronic acid load
remains to be determined. Sodium depletion could be
incriminated: the furosemide-induced volume con-
traction might so enhance proximal sodium reab-
sorption [17] that sodium delivery to distal sites for
exchange with hydrogen ions would become in-
sufficient, with a resulting impairment of renal acid
excretion. This hypothesis seems unlikely. Provision
of sodium chloride to six sodium- and potassium-
depleted dogs resulted in a considerable volume ex-
pansion and the presence of large amounts of sodium
in the urine. Nevertheless, plasma and urine acid-
base parameters remained unchanged. Similarly, ad-
ministration of sodium chloride to four sodium-de-
pleted animals whose potassium deficit had been cor-
rected failed to modify acid-base balance. Finally, the
presence of sodium chloride in the diet of 12 animals
with kayexalate-induced potassium deficiency did not
prevent the development of a significant degree of
acidosis in response to both a moderate and a high
acid load. The conclusion that sodium intake and the
state of sodium stores are not a determinant of the
steady state response to a chronic acid load is further
supported by De Sousa et al [18]. These authors
demonstrated that the plasma bicarbonate level
reached after eight days of constant ammonium chlo-
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Table 5. Effect of potassium-depletion acidosis and potassium repletion on blood electrolytes and acid-base data of dogs given a high acid
load (7 mmoles of ammonium chloride/kg of body wt per day) (mean values are given + SCM)
No. H P0 HCO8 C1 Na K Creatinine
of dogs nmoles/Iiter pH mm Hg mEq//iler mEq/liter mEq/liter mEq/liter mg/IOOm/
Control period 6 37 7.43 29.7 19.3 107 148 2.5 0.8
±0.9 +2.3
Period I:
acid 6 52° 7.29 26.4 12.3° 1140 1460 2.4 0.9
+0.1
6 44b.c 7,36 27.7 I5.2'
+0.2
l08
+0.6
148 0.8
+0.1
° This value is significantly different (P < 0.01) from that of the control period.
This value is significantly different (P < 0.05) from that of the control period.
This value is significantly different (P < 0.05) from that of the previous period.
This value is significantly different (P < 0.01) from that of the previous period.
Period II:
acid + KCI
ride intake was the same whether or not sodium
chloride was available in the diet.
Potassium depletion appears to be the main factor
responsible for furosemide-induced acidosis. When
the sodium and potassium-depleted animals are
given potassium chloride, potassium is quickly re-
tained. Despite the persistance of the sodium deficit,
plasma bicarbonate rises by approximately 5
mEq/liter. A similar sequence of events occurs when
potassium chloride is provided to the dogs whose
sodium deficit was already repaired by administra-
tion of sodium chloride. The role of potassium stores
in the response to a sustained acid load is further
illustrated in the 12 dogs with kayexalate-induced
potassium depletion. Despite a constant acid intake,
correction of potassium deficit resulted in a 3 to 4.5
mEq/liter rise in plasma bicarbonate. In all instances
potassium correction of the acidosis was accom-
panied by a fall in urine pH and an increase in
urinary ammonia and net acid excretion sufficient to
account fully for the simultaneous rise in plasma
bicarbonate. When plasma bicarbonate had stabi-
lized, urine pH remained lower than during potas-
sium deficiency, but in both the furosemide potas-
sium group and the kayexalate low acid studies, net
acid excretion returned to control values. These data
suggest that potassium deficiency acidosis results
from an impaired ability to lower urine pH.
Recent observations in dogs by Burnell, Teubner,
and Simpson [6] suggest that potassium deficiency
induces a similar alteration of acid excretion in the
absence of acid-loading. Removal of potassium from
the diet resulted in a sustained rise in urine pH, a
transient fall in urine ammonia, and at least in four
animals, a fall in plasma bicarbonate concentration.
The urine abnormalities proved fully reversible upon
resumption of the potassium-intake. These data dem-
onstrate that potassium deficiency impairs the kid-
ney's ability to lower urine pH not only in response to
a chronic acid load but also under normal circum-
stances.
Despite the fact that the conclusions drawn from
dog studies may not be applicable to other species
such as man or rat, it is noteworthy that they are in
agreement with the suggestion of Clarke et al [1] that,
in man, potassium deficiency induces a state of renal
tubular acidosis. However, they seem to contradict
more recent evidence obtained, also in man, by Tan-
nen [2]. This author confirms that the potassium
deficient subject, challenged with a single ammonium
chloride load, produces a less acidic urine, but points
out that he excretes more readily his acid load than a
normal control, owing to a larger output of am-
monia. He concludes that the impaired ability to
lower urine pH noted by Clarke et al [1] is not a real
defect resulting from an inability to establish an ap-
propriate blood to urine hydrogen ion gradient, but
rather reflects an augmented renal synthesis of am-
monia and an attendant increased ammonia diffusion
into the urine. Our data do not fit this interpretation:
the fall in urine pH associated with the repair of the
potassium deficit is not accompanied by a decreased
ammonia excretion as might have been anticipated
from Tannen's data; on the contrary, there is a strik-
ing increment in urinary ammonia output. These
findings suggest that, in the dog at least, potassium
correction improved primarily the ability of tubular
cells to lower urine pH with a secondary rise in am-
monia excretion. Tannen's and our observations may
be reconciled if it is realized that the former explore
the immediate urinary response to a single acid load,
whereas the latter evaluate the adaptation of the kid-
ney to a chronic acid intake. In the nonadapted sub-
ject given a single acid load, the augmented rate of
ammonia production and diffusion in the urine asso-
ciated with potassium depletion [3—51 may be suf-
ficient to compensate for the acidifying defect. By
contrast, in adapted animals, potassium deficiency is
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not able to stimulate ammoniogenesis sufficiently
above the level reached as a result of chronic acid-
loading. Its deleterious effect becomes then manifest.
Whatever the explanation, the present observations
suggest that potassium depletion impairs the renal
adaptation of dogs to a chronic acid load by reducing
the ability of the kidney to lower urine pH.
Our data do not delineate the intimate mechanism
of potassium-deficiency acidosis. It might be sug-
gested that, in analogy with proximal tubular acidosis
[19], potassium depletion reduces proximal tubular
reabsorption of bicarbonate with a consequent alkali-
nization of distal tubular fluid, In this setting, despite
an intact ability of the distal tubule to acidify urine,
urine pH would remain inappropriately high, and
acidosis would ensue. This hypothesis, however, runs
counter to the presently available evidence which
points to an increased rather than a decreased prox-
imal bicarbonate reabsorption in potassium-depleted
rats [20—22] and dogs [23]. It seems thus more likely
that the potassium deficit alters the more distally
located acidifying mechanisms.
The importance of distal acidification in the steady
state regulation of renal acid excretion and acid-base
equilibrium has been recently emphasized by De
Sousa et al [18]. These authors propose that urinary
net acid output is governed solely by the availability
of sodium at distal exchange sites and the avidity of
these cells to reabsorb sodium. As pointed out earlier,
it is unlikely that potassium-deficiency acidosis re-
suits from a lack of sodium in the distal tubule.
Alternatively, it is possible that potassium depletion
reduces sodium transport in distal tubular cells. Evi-
dence for such an effect has been presented by Tan-
nen [2] who reported that the natriuresis elicited by a
single ammonium chloride load was higher in potas-
sium-depleted than in control subjects and ascribed it
to an impaired sodium transport in the distal part of
the nephron.
Aldosterone should be considered among the fac-
tors likely to mediate the effect of potassium defi-
ciency on distal sodium reabsorption. It is indeed
known that potassium deficiency depresses, whereas
potassium-loading stimulates aldosterone secretion
[24—28]. In this context, potassium-deficiency aci-
dosis would result from a lowered aldosterone secre-
tion, whereas the potassium chloride-induced in-
crement in plasma bicarbonate would be the
consequence of an augmented production of aldoste-
rone. Against this interpretation, however, is our ob-
servation that in six dogs ingesting a salt-rich diet,
aldosterone excretion failed to rise during correction
of the acidosis by the provision of potassium chlo-
ride. This fact is compatible with the view that, if
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potassium deficiency alters the renal adaptation to a
chronic acid load by impairing distal tubular sodium
transport, it does so independently of changes in
aldosterone secretion. Whether this alteration in so-
dium transport results from changes in membrane
permeability or from modifications of the sodium
pump remains to be explored. In this context it is of
interest to remember that potassium-loading in-
creases the kidney's content in Na-K-ATPases, an
enzyme intimately related to the transport of sodium.
[29].
Comparison between the patterns of acid excretion
achieved at the end of each experimental period, un-
der steady state conditions of blood acid-base equi-
librium, provides further insights into the interplay
between potassium stores and urinary acidification.
As demonstrated in Table 2 (potassium group) and 4
(low acid intake), ammonia and net acid excretion
are virtually identical during the last days of the
various periods. The only noteworthy difference is
that the urine pH is significantly lower in the potas-
sium-repleted than in the potassium-deficient states.
Tannen, Wedell, and Moore [30] have made a similar
observation in dogs eating an acid-rich diet. Switch-
ing these animals from a normal to a high potassium
intake resulted in a sustained lowering of urine pH.
They ruled out an increased aldosterone secretion or
changes in the distal delivery of sodium as factors
mediating this effect. They suggested that potassium-
loading per se lowered urine pH as a result of en-
hanced distal sodium reabsorption. They further
speculated that it is in order to prevent an increased
diffusion of ammonia in the urine along this pH
gradient that potassium-loading depresses simultane-
ously ammoniogenesis. Their demonstration, how-
ever, was hampered by the observation that ammonia
excretion increased during potassium chloride-load-
ing, a finding attributed to a nonspecific, perhaps
gastrointestinal, effect of the electrolyte load leading
to an extrarenal loss of base. Our data fit Tannen's
hypothesis very well and have the further advantage
that with the level of electrolyte intake used in two of
our experimental groups, net acid excretion remained
constant, despite variations in dietary potassium.
Here, just as in Tannen's study, the effect of potas-
sium chloride-loading is twofold: first, a sustained fall
in urine pH; second, a reduction in ammoniogenesis,
suggested by the stability of ammonia excretion de-
spite the lowered urine pH. These events appear to be
a mirror image of those observed during potassium
deficiency both by Burnell et al [6] and us.
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